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Simple top-down preparation of magnetic Bio.gGdo.iFei-ajTiajOs nanoparticles by 
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We present a simple technique to synthesize ultrafine nanoparticles directly from bulk multiferroic 
perovskite powder. The starting materials, which were ceramic pellets of the nominal compositions 
of Bio.gGdo.iFei-ajTijjOs (x = 0.00-0.20), were prepared initially by a solid state reaction technique, 
then ground into micrometer-sized powders and mixed with isopropanol or water in an ultrasonic 
bath. The particle size was studied as a function of sonication time with transmission electron 
microscopic imaging and electron diffraction that confirmed the formation of a large fraction of 
single-crystalline nanoparticles with a mean size of 11-13 nm. A significant improvement in the 
magnetic behavior of Bio.gGdo.iFei-jjThOs nanoparticles compared to their bulk counterparts was 
observed at room temperature. This sonication technique may be considered as a simple and 
promising route to prepare ultrafine nanoparticles for functional applications. 

PACS numbers: 


I. INTRODUCTION 


Multiferroic materials exhibit simultaneous presence of 
(anti)ferroelectricity, (anti)ferromagnetism, and/or fer- 
roelasticity in the same phase [1-5]. The combination of 
’ferro’-orders in multiferroics often means that the differ¬ 
ent properties interact with each other. This then allows 
the possibility that one can switch magnetically ordered 
states using electric fields or electrically ordered states 
using magnetic fields. These materials have attracted 
considerable research interest due to their potential ap¬ 
plications in data storage, emerging field of spintronics, 
switchable spin valves, high frequency filters and sen¬ 
sors [6, 7]. Among the limited choices offered by the 
multiferroic materials, BiFeOa with rhombohedrally dis¬ 
torted perovskite structure is the most promising since 
it can exhibit multifunctional activities at room temper¬ 
ature (RT) [6, 7]. However, pure phase of BiFeOa is 
difficult to obtain [8, 9] and various impurity phases of 
bulk BiFeOa have been reported, mainly comprising of 
Bi2Fe409, Bi36Fe24 057 and Bi25Fe04o [10, 11]. More¬ 
over, the bulk BiFeOa is characterized by serious current 
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leakage problems due to the existence of a large number 
of charge centres caused by oxygen ion vacancies [12- 
14]. Besides, in BiFeOs, magnetic ordering is of antiferro¬ 
magnetic type, having a spiral modulated spin structure 
(SMSS) with an incommensurate long-wavelength period 
of 62 nm [12, 14]. This spiral spin structure cancels the 
macroscopic magnetization and prevents the observation 
of the linear magnetoelectric effect [15-17]. These prob¬ 
lems ultimately limit the use of bulk BiFeOa in functional 
applications. It is evident that nanoparticles of BiFeOa, 
especially those with a particle size on the order of or 
smaller than the 62 nm SMSS exhibit improved ferro¬ 
electric and magnetic properties [4, 18-20]. 

Synthesis of BiFeOa multiferroic nanoparticles hence 
requires a particle size of the order or smaller than 62 
nm [21]. To date, most of the published results reported 
the multiferroic properties of ceramics [8, 9] and thin film 
[22] systems of BiFeOa and it is still a challenge to syn¬ 
thesize BiFeOa nanostructures [7, 21, 23]. So far various 
chemistry based routes like the sol-gel method [18, 24], 
electrospray method [25], the combustion synthesis pro¬ 
cess [26], sonochemical synthesis process [27-29], were 
applied to synthesize multiferroic nanoparticles. Most of 
these chemical methods for the synthesis of multiferroic 
nanoparticles are either based on complex solution pro¬ 
cesses or involve toxic precursors [7]. 

This paper presents a simple route to prepare ultrafine 
nanoparticles from multiferroic Bio.9Gdo.iFei_a;Ti2,03 (x 
= 0.00, 0.10 and 0.20) ceramics by the application of ul¬ 
trasonic energy in a process called sonofragmentation. 
Sonofragmentation has been used to create nanoparti- 
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cle dispersions from bulk powder producing nanoparti¬ 
cle fractions [30-32] and even inherently strong materi¬ 
als like carbon nanotubes can be fragmented by sonica- 
tion [33]. The sonofragmentation technique is in fact a 
one-step synthesis technique to produce nanoparticles di¬ 
rectly from bulk powders and might have the additional 
advantage that the chemistry of the particles likely will 
not be altered and hence bulk and nanoparticle materials 
will be more directly comparable in terms of multiferroic 
properties than materials produced by different synthe¬ 
sis methods. In our investigation, the magnetic proper¬ 
ties of Bio. 9 Gdo,iFei_ 2 ,Tia ;03 (x = 0.00, 0.10 and 0.20) 
nanoparticles synthesized by ultrasonication were inves¬ 
tigated at room temperature and compared with their 
bulk counterparts. To estimate the concentration of oxy¬ 
gen vacancies in bulk polycrystalline samples as well as 
nanoparticles we have carried out X-ray photoelectron 
spectroscopy (XPS) analysis. 


II. EXPERIMENTAL DETAILS 

Ceramic pellets of mutiferroics with nominal compo¬ 
sitions of Bio, 9 Gdo.iFei_a,Tia ;03 (x = 0.0, 0.1 and 0.2) 
were prepared by conventional solid state reaction tech¬ 
nique. Details of the preparation process were described 
in our previous work published elsewhere [34]. Scanning 
Electron Microscopy (SEM) imaging confirmed surface 
morphology of the pellets with micron-sized grains [34]. 
The pellets were then ground into powder by performing 
manual grinding for 15 minutes. The obtained powders 
were subsequently mixed with isopropanol with a ratio 
of 50 mg powder and 10 ml isopropanol with a mass per¬ 
centage of ~ 0.5 %. Then, the mixtures of isopropanol 
and powder were put into an ultrasonic bath. The son- 
ication time was varied from 15 to 60 minutes. After 6 
hours, ~ 78 % of the mass had precipitated and the su¬ 
pernatant was used for transmission electron microscopy 
(TEM) investigation. Morphology and physical structure 
of the nanoparticles were studied using a FEI TECNAI 
TEM with a 200 kV accelerated voltage. For magnetic 
measurements, the particles in the solution were dried 
naturally to a condensed pellet. The magnetic properties 
of the nanoparticles were measured using an alternating 
gradient force magnetometer (AGFM) with a maximum 
applied field of 20 kOe. The magnetic moment was cal¬ 
ibrated using a Ni standard specimen. To estimate the 
concentration of oxygen vacancies X-ray photoelectron 
spectroscopy (XPS, ULVAG-PHI Inc., Model 1600) anal¬ 
ysis was carried out with a Mg-Ka radiation source. 


III. RESULTS AND DISCUSSIONS 

Figure 1 shows bright-held (BE) TEM images of 
Bio, 9 Gdo,iFei_a;Tia ;03 (x = 0.00-0.20) particles obtained 
at various sonication time: (a-c) 15 minutes, (d-f) 30 
minutes and (g-i) 60 minutes. The left, middle and right 
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FIG. 1: BF TEM images of the Bio. 9 Gdo,iFei_i,Tii :03 (x = 
0.00-0.20) particles obtained at various sonication time: (a-c) 
15 minutes, (d-f) 30 minutes, (g-i) 60 minutes, (j, k and 1) are 
the HRTEM images obtained at 60 mins of sonication. The 
plots (m, n and o) show distribution of nanoparticles deduced 
from frames (g, h and i), respectively. 


columns are for compositions x = 0.00, x= 0.10 and 0.20, 
respectively. Figures 1 (a-c) present the state in which 
the manually-ground powder was mixed with isopropanol 
in ultrasound, and the large-grain size powders started to 
break into smaller grain with the aid of the mechanical 
energy from the ultrasonic wave. In a short time of soni¬ 
cation (15 minutes), the grains were just about to be bro¬ 
ken into sub-micron particles, however, still condensed 
together like micrometer sized particles [Figs, l(a-c)]. As 
soon as the time of sonication was increased to 30 min¬ 
utes, the particles started to separate from each other and 
thereby their sizes were decreased [Figs, l(d-f)]. The son¬ 
ication time was increased then to 60 minutes and this re¬ 
sulted in ultrafine and isolated nanoparticles with a very 
narrow distribution of average sizes around 11 ±2 nm for 
x = 0.00, 12 ± 2 nm for x = 0.10, and 13 ± 2 nm for x = 
0.20 compositions as shown in TEM images Figs. 1 (g-i), 
respectively. Figures 1 (j, k and 1) demonstrate high reso¬ 
lution (HR) TEM images of the Bio, 9 Gdo,iFei_a;Ti 2;03 (x 
= 0.00-0.20) nanoparticles obtained at 60 minutes of son- 














3 


ication. These HRTEM images [Figs. 1 (j, k and 1)] are 
a clear evidence of the ultrafine single crystal nanopar¬ 
ticles synthesized using a sonication time of 60 minutes. 
Figures l(m, n and o) show the distribution of the syn¬ 
thesized nanoparticles deduced from images (g, h and i), 
respectively. 




FIG. 2: (a) The SAED patterns of the Bio.gGdo.iFei-jjTiajOs 
(x = 0.0) particles sonicated 30 minutes showing dis¬ 
continuous rings. Detailed TEM investigation of the 
Bio.gGdo.iFei-aiTiaiOa (x = 0.00) nanoparticle (first column 
in Fig. 1) sonicated at 60 minutes are given in images (b- 
d). (b) SAED of nanoparticles showing multiple peaks of 

monocrystalline patterns, (c) HRTEM showing monocrys¬ 
talline particle, (d) HRTEM showing twin stacking in single 
particle, (e) The variation of particle size as a function of 
sonication time for a fixed sonication power. 

Figure 2(a) shows selected area electron diffraction 
(SAFD) patterns of the Bio. 9 Gdo,iFei_a;Tia ;03 with x 
= 0.00 particles (notably, x = 0.00 is the Ti undoped 
Bio.gGdo.iFeOs composition throughout the investiga¬ 
tion) obtained after a sonication time of 30 minutes. This 


is the state which confirms a rhombohedral [20] structure 
of the isolated particles. The discontinuous diffraction 
rings also indicates single crystalline particles breaking 
up into smaller single crystalline nanoparticles. Figure 
2(b) illustrates SAFD of the Bio, 9 Gdo.iFei_a;Ti 2,03 (x = 
0.00) nanoparticle (first column in Fig. 1) sonicated at 
60 minutes and demonstrates clearly multiple peaks of 
monocrystalline patterns. The diffraction rings of SAFD 
pattern in this state are well-defined and in good agree¬ 
ment with the rhombohedral structure of the nanoparti¬ 
cles with lattice constant of a = 0.56 nm, and a = 59.4 
degree obtained by indexing the SAED pattern. These 
values are quite consistent with the recent results of the 
BiFe 03 nanoparticles [35, 36] synthesized by wet chem¬ 
ical techniques. This indicates that the rhombohedral 
crystal structure of the bulk BiFe 03 [6, 7] remained un¬ 
altered in these synthesized nanoparticles. The HRTEM 
images demonstrate of a monocrystalline particle (Fig. 
2(c)) and the existence of twin stacking faults (Fig. 2(d)) 
in the synthesized nanoparticles. These crystallographic 
stacking faults could also enhance the magnetic prop¬ 
erties of the nanoparticles [37-39]. The stacking faults 
were also reported to relax the strain in the nanoparti¬ 
cles [37, 38], thus influence the magneoelastic energy. In 
some cases, this would help to enhance the anisotropy 
of the nanoparticles [38, 39], especially in nanoparticles 
with ferromagnetic spin structure that we show below 
these particles have. 

The effect of sonication time to breakdown micrometer 
sized particles was also demonstrated. Figure 2(e) shows 
the variation of the size of Bio. 9 Gdo.iFei_a;Ti 2,03 (x = 
0.0) nanoparticle as a function of sonication time for a 
fixed power of the ultrasonic bath (50 W). We have ob¬ 
served clearly that a sonication time of 60 minutes was 
sufficient to produce monocrystalline nanoparticles. A 
further increment of the sonication time up to 90 min¬ 
utes does not causes notable changes in the average size 
of the synthesized nanoparticles. The asymptotic behav¬ 
ior in Fig. 2(e) indicates that within the studied time 
frame, sonication induced aggregation of the nanoparti¬ 
cles is not occurring [40]. 

The yield of nanoparticles was estimated by measur¬ 
ing the mass of precipiate and supernatant after leaving 
the sonicated dispersion to settle for 6 hours where 22 % 
of the initial powder mass was converted into the super¬ 
natant fraction containing nanoparticles. Prior to these 
measurements the precipitate and supernatant were dried 
at 105°G for 2.5 hours. 

The structural analysis of the Bio, 9 Gdo.iFei_a;Ti 3,03 
(x = 0.10 and 0.20) nanoparticles sonicated at 60 minutes 
were also performed by capturing SAED patterns (images 
not shown here). Indexing the SAED patterns of the 
nanoparticles also ensured the rhombohedral structure 
of the Bio. 9 Gdo.iFeo. 9 Tio,i 03 and Bio, 9 Gdo,iFeo, 8 Tio .203 
nanoparticles with the lattice constants of a = 0.55 nm, 
and 0.54 nm; and a = 59.3, and 59.3 deg, respectively. 
The rhomboheral structure with reduced lattice con¬ 
stants due to the substitution of Ti for Fe is consistent 
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with recent results [34-36] on the doped BiFeOa multi- 
ferroics. 



FIG. 3: TEM images of the Bio. 9 Gdo.iFei_a;Ti 2,03 nanopar¬ 
ticles obtained at 60 minutes of sonication in distilled water: 
(a) X = 0.00, (b) X = 0.10, (c) x = 0.20. The frame (d) is a 
HRTEM image of the nanoparticles in frame (c). 

It is interesting to notice that similar evolution also oc¬ 
curs when we use distilled water instead of isopropanol to 
mix the powder in ultrasonic cleaner. The TEM images 
of the Bio.gGdo.iFei-ajTij^Os (x = 0.00 - 0.20) nanopar¬ 
ticles sonicated for 60 minutes using distilled water are 
shown in Figs. 3 (a-c): (a) x = 0.00, (b) x = 0.10, (c) x = 
0.20. The frame (d) is a HRTEM image of the nanopar¬ 
ticles in frame (c). The average size of the synthesized 
nanoparticles is 13 ± 2 nm if we mix the powders with 
distilled water instead of isopropanol. Notably, use of 
distilled water instead of isopropanol for the production 
of stable nanoparticles does not cause any difference in 
sonication time and the optimum sonication time is again 
60 minutes. 

In the next stage of this investigation, magnetization 
versus magnetic field (M-H) hysteresis loops were car¬ 
ried out and results were displayed in Fig. 4. The inset 
of Fig. 4 also demonstrates M-H hysteresis loops of the 
bulk polycrystalline ceramics Bio.9Gdo.iFei_a;Ti2,03 (x = 
0.00-0.20) [34]. The obtained nanoparticles are expected 
to exhibit excellent properties, either ferromagnetics or 
ferroelectrics. Indeed, the nearly saturated M-H hystere¬ 
sis loops of the synthesized nanoparticles clearly demon¬ 
strate improved magnetic properties compared to that 
of bulk ceramics [Fig. 4]. Notably, the bulk polycrys¬ 
talline Bio,9Gdo.iFei_a;Ti2,03 ceramics exhibit an almost 
linear relationship between the magnetic field and the 
magnetization [34] as was shown in the inset of Fig. 4. 
This is the expected behaviour for an antiferromagnet be¬ 


low Tf^eei- Compared to the bulk ceramic samples [34], 
these nanoparticles possess much higher saturation mag¬ 
netization M^. The Ms value was determined from the 
intercept of two linear lines drawn through the low- and 
high-held regions of the M-H hysteresis loops [41]. The 
calculated values of Ms along with remanent magnetiza¬ 
tion (Mr) and coercivity (H^) of Bio,9Gdo.iFei_a;Ti3,03 
(x = 0-0.20) nanoparticles are inserted in table 1. This 
table also displays the corresponding Ms, M^ and He val¬ 
ues of the bulk Bio,9Gdo.iFei_a;Tia;03 ceramics observed 
in Ref. [34]. Furthermore, the M-H hysteresis loops of 
the synthesized nanoparticles exhibit a single-phase-like 
magnetization behaviour compared to the linear curve of 
the bulk, and this ultimately indicate qualitatively that 
a large fraction of the ultrasonicated specimen was con¬ 
verted into nanoparticles from bulk powders. 



FIG. 4: Hysteresis loops of the Bio.gGdo.iFei-rTirOa (x = 
0-0.20) nanoparticles obtained after a sonication time of 60 
minutes. The inset shows hysteresis loops of the bulk samples. 

Our results can be compared to a recent study where 
single crystalline BiFe03 nanoparticles were synthesized 
using facile sol-gel methodology based on the glycol gel 
reaction [18]. The highest M,, for BiFe03 nanoparti¬ 
cles was 1.55 emu/g at 50 kOe with an average parti¬ 
cle size of 14 nm [18]. The M,, of Gd doped multifer- 
roic Big.gGdo.iFeOs nanoparticles synthesized by polyol- 
mediated method [20] with an average particle size of 
34 nm was 0.75 emu/g at 30 kOe [20]. Notably, in 
this present investigation, the M^ for Big.gGdo.iFeOg 
nanoprticles is 2.50 emu/g at 20 kOe for an average par¬ 
ticle size of 11 ± 2 nm and this is much higher com¬ 
pared to the values observed in Refs. [18] and [20]. The 
large value of magnetization may be associated with their 
reduced particle size as was observed in Ref. [18] for 
single crystalline nultiferroic BiFe03 nanoparticles. As 
was mentioned earlier, the magnetic ordering of BiFe03- 
based multiferroic ceramics is antiferromagnetic with a 
spiral modulated spin structure [12, 14, 42] and an in¬ 
commensurate long-wavelength period of 62 nm. The en- 
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hanced magnetic properties in these nanoparticles could 
be explained as : i) due to the modification of the long 
range spiral-modulated spin structure of BiFeOa the fer¬ 
romagnetic properties were enhanced for the synthesized 
nanoparticles with sizes much smaller than 62 nm [18] ii) 
the ionic radius of Gd^+ (0.938 A) ion is much smaller 
than that of Bi^+ (1.17 A) ion which may also lead to 
large distortion in lattice structure thereby leading to re¬ 
duction of spiral spin modulation in BiFeOa [20] ; and iii) 
Gd^"*" is magnetically active (effective magnetic moment 
is 8.0 Bohr Magnetron) and the ferromagnetic coupling 
between Gd^+ and Fe^’*' ions may contribute significantly 
to enhance the magnetization [20]. 

In the case of bulk ceramics as well as nanoparticles, 
several authors reported that due to co-doping both in 
the Bi and Fe sites of BiFeOa, multiferroic properties can 
be improved significantly [12, 44]. In a related system, Pb 
and Ti co-doped nanocrystalline Bio.gPbo.iFeo.gTio.iOa 
multiferroics were prepared by solution combustion syn¬ 
thesis method from an a -alanine containing precursor 
[44] for which the Mg value was 0.60 emu/g at 40 kOe. 
In the investigation reported here, for 10 % Gd and Ti 
co-doped Big.gGdo.iFeo.gTio.iOa nanoparticles a well de¬ 
fined ferromagnetic hysteresis loop was observed in which 
the room temperature Mg is 2.3 emu/g at 20 kOe. Both 
Mg and of Big.gGdo.iFeo.gTio.iOa nanoparticles are 
much higher compared to that of sonochemically synthe¬ 
sized Bio.gFeo.gs-xSco.osTixOg nanoparticles reported in 
a recent investigation [45]. 

In the case of bulk polycrystalline ceramics, due to the 
presence of magnetic secondary phases. Mg, M^. and He 
were increased with the substitution of nonmagnetic Ti 
in place of Fe [34]. On the contrary, in phase pure sin¬ 
gle crystalline nanoparticles, the substitution of nonmag¬ 
netic Ti reasonably decreased Mg, M^. and He although 
the net value of the saturation magnetization was always 
higher for each composition compared to that of bulk 
ceramics. The coercivity was found to be reduced for 
these nanoparticles compared to that of bulk ceramic 
samples as was also observed for the reduced size sin¬ 
gle crystalline BiFeOa nanoparticles [18]. This indicates 
that the magnetic properties of these nanoparticles are 
related with their reduced size and crystallinity as was 
also determined in similar nanostructures [18, 20, 44]. 
Compared to the bulk ceramics, the coercive helds of the 
synthesized nanoparticles are much smaller and almost 
negligible for Bio.9Gdo.iFei_2,Ti2,03 (x= 0.20) nanopar¬ 
ticles (Table 1). This actually indicates their soft nature 
and better suitability for device applications [46]. 

Notably, the perovskite manganites nanoparticles of 
various compositions were also synthesized directly from 
bulk powder using top-down approach based on ball 
milling [47, 48]. The longer milling time produced suc¬ 
cessfully nanoparticles from a few nanometers to hundred 
nanometers, however, the magnetic properties of the fine 
particles were found to degrade [47]. This might be as¬ 
sociated with the contamination and amorphorization of 
fine particles during the milling process [49]. Although 


TABLE I: The table shows the comparison of the Mg, and 
He between Bio. 9 Gdo.iFei_a;Tb 03 nanoparticles and bulk ce¬ 
ramics [34] observed at room temperature. 


Ti concentration 

Ms (emu/g) 

Mr (emu/g) 

Hr (Oe) 

Nano 

Bulk 

Nano 

Bulk 

Nano 

Bulk 

0.00 

2.50 

- 

0.46 

0.006 

238 

345 

0.10 

2.10 

- 

0.11 

0.02 

53 

836 

0.20 

2.05 

- 

0.003 

0.02 

6.5 

820 


our material system is different, however, the findings 
of our investigation indicate the potentiality of the ul- 
trasonication technique compared to mechanical milling 
for the preparation of phase pure nanoparticles which 
exhibit enhanced magnetic properties with size reduc¬ 
tion.The product nanoparticles appear to have a good 
monodispersity with improved physical properties: the 
size, crystallinity and improved magnetic behavior of the 
synthesized nanoparticles at room temperature compared 
to the bulk starting material. 
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FIG. 5: XPS spectra of the O Is of Bio.gGdo.iFei-g^TigiOa (x 
= 0-0.20) (a) bulk polycrystalline materials and (b) nanopar¬ 
ticles obtained after a sonication time of 60 minutes. 


As was mentioned earlier, the bulk BiFeOg is charac¬ 
terized by serious current leakage problems due to the 
existence of a large number of charge centres caused by 
oxygen ion vacancies [12, 50] that degrades the ferroelec¬ 
tric properties. Therefore, to further confirm the concen¬ 
tration of oxygen vacancies in the bulk polycrystalline 
ceramics and nanoparticles of Bio.gGdo,iFei_i,Tia;03 (x 
= 0.00, 0.10, 0.20) XPS measurements were also carried 
out. As presented in Fig. 5 (a), the O Is XPS spec¬ 
tra of bulk polycrystalline Bio.gGdo,iFei_a;Ti2;03 (x = 
0 .00, 0.10, 0.20) ceramics show a slightly asymmetric 
peak very close to 530 eV along with additional peak. 
The asymmetric curves of the bulk samples can be Gaus¬ 
sian fitted by two symmetrical peaks at 529.8 ev and 
532 eV, respectively. The lower binding energy peak at 
529.8 ev is correspond the O Is core spectrum, while 
higher binding energy peak is related to the oxygen va- 
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cancy [27, 51] in the sample. Interestingly, in the case of 
Bio, 9 Gdo,iFei_a;Tia ;03 (x = 0.00, 0.10, 0.20) nanoparti¬ 
cles we have observed a symmetrically single XPS peak 
(Fig. 5 (b)) of O IS at 530 eV [28, 45]. This indicates 
the absence of oxygen vacancy in Bio, 9 Gdo.iFei_a;Tia ;03 
(x = 0.00, 0.10, 0.20) nanoparticles. The absence of oxy¬ 
gen vacancies might reduce the leakage currents [45] and 
therefore, we may expect improved ferroelectric proper¬ 
ties of the synthesized nanoparticles in subsequent inves¬ 
tigations. 

IV. CONCLUSIONS 

We have employed successfully a cost effective 
simple top-down approach to prepare ultrafine 
Bio, 9 Gdo,iFei_a;Ti 2;03 (x = 0.00-0.20) nanoparti¬ 

cles directly from bnlk powder without using any 
chemical solution processes as well as toxic precursors. 
HRTEM imaging as well as electron diffraction tech¬ 
niques confirmed single crystal rhombohedral structure 
of these synthesized nanoparticles. Comparatively a 
long time of sonication of around 60 minutes allows 
fabricating ultrafine nanoparticles with narrow size 
distribution ranging from 11 nm to 13 nm. Magnetic 
measurements demonstrate the enhanced magnetic 
properties of the nanoparticles compared to that of 
bulk materials, which may be referred to as room tem¬ 
perature ferromagnetism caused by the size reduction. 
This method might be analogous to surfactant assisted 


ball milling creating magnetic nanoparticles [52], a 
technique which demonstrated a narrow size distribution 
of the synthesized particles with increasing milling time 
[47, 48]. The very narrow and small size distribution 
achieved in the present study are surprising when 
comparing to the broader and larger size distributions 
achieved in other sonofragmentations studies of other 
materials [30-32, 53], but these results may first of all 
be material specific, and then the detection methods 
(SEM and various light scattering methods) employed 
in these previous studies are not always optimal to 
measure nanoparticles in the ~ 10 nm size range found 
here. More detailed studies of the particle fragmentation 
would be relevant to include in future studies along with 
evaluation of the particles possible multiferroic prop¬ 
erties by Polarization vs Electric field (P-E) hysteresis 
loop measurements [20, 24, 28, 36, 45]. We conclude that 
this simple top-down preparation technique of ultrafine 
nanoparticles may be developed as a versatile technique 
for the preparation of other materials in general. 
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